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Summary.
To demonstrate the localization of hyaluronic acid (HA) in rabbit cornea, the biotinylated HA-binding region, which specifically binds to the HA molecule, was applied to the tissue. Localization of chondroitin sulfate (CS) and CD44, a possible cell surface receptor for HA, were also examined by immunohistochemistry.
The stainability of HA changed depending on the fixatives used. Reaction products for HA were distinctly detected in epithelial cells and stromal keratocytes, but faintly in the extracellular matrix of the stroma when unfixed cryosections were applied. No positive reaction was found in the endothelium, except that the positive deposits formed a continuous layer on the apical surface of the endothelium.
Electron microscopy using samples fixed with 2% paraformaldehyde revealed gold particles indicating HA labeling the intercellular space of the epithelium and stromal extracellular matrix.
No intracellular deposition was detected in epithelial cells, whereas the gold labeling was seen in vacuolar structures of stromal keratocytes. Immunodeposits for CS were intensely localized in the epithelium and stroma, and weakly in the endothelium. Immunoreactivity for CD44 was found in the epithelial, endothelial and stromal cells. In particular, immunodeposits for CD44 were detected in basal parts of epithelial cells, while they were localized in the apical surface of endothelial cells. These results suggest that HA is synthesized in and secreted from epithelial and stromal cells of rabbit cornea, while the localization of HA in the apical surface of the endothelium is closely associated with that of CD44. Moreover, the presence of CS in corneal tissue may play a role in its transparency, as has been suggested for keratan sulfate and dermatan sulfate.
The cornea is an avascular and transparent organ consisting of a stratified epithelium, a stromal dense connective tissue, and an endothelium facing the anterior chamber. Considering the specialization of corneal tissue, constituents of the extracellular matrix become important; namely collagen fibers and glycosaminoglycans. Corneal tissue has been shown to synthesize glycosaminoglycans including hyaluronic acid (HA), chondroitin sulfate (CS), keratan sulfate, dermatan sulfate and heparan sulfate (HART and LENNARZ, 1978) .
HA is a linear high-molecular weight polysaccharide in connective tissue. The HA-binding region (HABR) of proteoglycan specifically binds to HA molecules in articular cartilage (HARDINGHAM and MUIR, 1972; HASCALL and HEINEGARD, 1974) , and has been applied in surveying its specific localization in various tissues (RIPELLINO et al., 1985 ASARI et al., 1992) . Histochemical analysis using biotinylated HABR has demonstrated that HA is not localized in cornea tissue, but forms a continuous layer on the apical surface of the endothelium (MADSEN et al., 1989; LUTJEN-DRECOLL et al., 1990 ). Additionally, the major types of glycosaminoglycans in corneal stroma are keratan sulfate and dermatan sulfate (CINTRON and CONVINGTON, 1990) . In the course of a study on the tissue localization of glycosaminoglycans, however, we noticed that HA was localized in corneal tissue. Morphological localization of glycosaminoglycans seems necessary to understand their function in corneal tissue.
CD44 is a broadly distributed cell surface glycoprotein speculated to be the principal cell surface receptor for HA (ARUFFO et al., 1990 Preparation of biotinylated HABR. Biotinylated HABR was prepared from bovine nasal cartilage proteoglycan using affinity chromatography on immobilized HA by the method by TENGBLAD (1979) .
Antibodies. Monoclonal antibodies to CS (1B5, 2B6, 3B3, Seikagaku Corp.) and CD44 (IM7, Pharmingen) were used. 1B5, 2B6 and 3B3 recognize unsaturated determinants on nonsulf ated, 4-sulfated, and 6-sulfated chondroitin, respectively, which are the chondroitin sulfate "stubs" remaining after extensive chondroitinase ABC (CHase ABC) digestion (COUCH-MAN et al., 1984) . Corneal tissue was dissected from JW rabbits (about 3 kg), and directly frozen at -80C without fixation.
Cryosections were cut at 5um with a cryostat (Sakura, Tokyo, Japan), mounted on gelatinized glass slides, and dried thoroughly. Then the sections were treated with the following fixatives at 4C for 10min, respectively: 2% paraformaldehyde with or without 0.5 cetyl pyridinium chloride (CPC) buffered with 0.1M phosphate buffer, pH 7.4; 2% paraformaldehyde-2% glutaraldehyde buffered with 0.1M phosphate buffer, pH 7.4 or ethanol-acetate.
Some sections were used for the following histochemical and immunohistochemical stainings without fixation.
The fixed and unfixed sections were treated with 2% normal rabbit serum for 15 min, and then with the following reaction media: biotinylated HABR (2ug/ ml), 1B5 (1:100), 2B6 (1:100), 3B3 (1:100) and biotinylated IM 7 (1:100) at 37C for 1h. In the case of immunostaining for CS, the sections were treated with CHase ABC (Seikagaku Corp.) at 3C for 1h (pH 8.0), prior to incubation with anti-CS. Sections treated with the primary antibodies for CS were further incubated with biotinylated rabbit anti-mouse IgG and IgM (Nichirei Corp.) at 3TC for 1h. All sections were treated with a streptavidin-peroxidase solution (Nichirei Corp.). After each step, sections were rinsed thoroughly in 0.01M phosphate buffer solution, pH 7.4. Staining for peroxidase was performed using 0.03% 3,3-diaminobenzidine (DAB) and 0.02% H2O2 in 0.05M Tris-HC1 buffer, pH 7.6, for 10 min.
Electron microscopy Cryosections fixed with 2% paraformaldehyde and processed for the HA staining were used for the electron microscopic samples for the pre-embedding method. These sections were further fixed with 1% glutaraldehyde buffered with 0.1M phosphate buffer, pH 7.4, for 10min. After rinsing with the buffer, they were incubated with 0.03% DAB and were post-fixed with 1% OsO4 for 10min, dehydrated with graded alcohols, and embedded in Quetol 812.
For the post-embedding method, corneal tissue was fixed with 2% paraformaldehyde buffered with 0.1M phosphate buffer, pH 7.4, at 4C for 4h. After rinsing with the same buffer, they were dehydrated with graded alcohols or glycomethacrylates and embedded in Quetol 812. Thin sections were cut with a ultramicrotome (Reichert, Ultracut N) and mounted on nickel grids. They were treated with 1% H202 for 5 min and with 5% normal rabbit serum for 15min. Then they were incubated with biotinylated HABR (2 jg/ml) in 0.1M phosphate buffer, pH 7.4, at 4C for 48 h, and with streptavidin-colloidal gold (1:100) (10 nm, EY Lab., Inc.) in 0.1M phosphate buffer, pH 7.4, at 4C for 24h. After staining with uranyl acetate, they were observed with a Hitachi H-7000 electron microscope.
Control experiments
Control sections were pretreated with a specific enzyme to HA, hyaluronidase (HAase) derived from Streptomyces hyalurolyticus (Seikagaku Corp.), for 1 h prior to the subsequent staining procedure as described previously (ASARI et al., 1992) .
RESULTS

Histochemistry
and immunohistochemistry HA The stainability of HA by biotinylated HABR was examined using cryosections of corneal tissue fixed with or without various fixatives. The stainability was intensely demonstrated in corneal tissue when unfixed sections were applied (Fig. 1a-d) . In other fixed sections, the stainability was weak or faint (Fig.  le, f) . Therefore, we used unfixed cryosections for the staining of HA. No stainability for HA is seen in the tissue. e and f. Positive depositions for HA can be faintly seen in the epithelium and apical surface of endothelium.
Nomarski differential interference contrast microscopy. a, c-f: x170, b: x600 HA-positive deposits were intensely demonstrated in the epithelium and apical surface of the endothelium (Fig. 1a, b) . In the stroma, keratocytes were stained by biotinylated HABR, but this stainability was not as intense as in the epithelial cells. The stainability was also weak in the stromal intercellular matrix.
HA-positive stainability was also detected in the limbal conjunctiva (Fig. 1c) . By pretreatment with HAase, no stainability appeared in the tissue (Fig. 1d) .
By electron microscopy using the pre-embedding method, reaction products for HA were clearly seen in the intercellular space of the epithelium (Fig. 2a) . Clear-cut reaction products were not detected in the cytoplasm of epithelial cells. In the endothelium, the apical surface was densely deposited with the reaction products (Fig. 2b) . The positive reaction in the stroma was not as intense as that in the epithelial layer. In the case of the post-embedding method, the glycometacrylate dehydration yielded better results in the gold labeling indicating HA than the alcohol dehydration (Feg. 2c-e). Therefore, we used corneal tissue dehydrated with glycometacrylate for the postembedding staining. The gold particles indicating HA were deposited in the intercellular space of the epithelium, whereas no distinct labeling was seen in the cytoplasmic organelles of epithelial cells (Fig. 2c) . In contrast to the pre-embedding method, the gold particles densely labeled the intercellular matrix and vacuolar structures of keratocytes in the stroma (Fig. 2d) .
Control thin sections pretreated with HAase showed no specific reaction in corneal tissue (Fig. 2f) .
CS
Immunostaining for CS was performed using cryosections treated with or without various fixatives. The immunoreactivity for CS was most intense when corneal sections were fixed by 2% paraformaldehyde-2% glutaraldehyde, while no distinct difference in immunoreactivity appeared among the antibodies used. Immuno-deposits for CS were intensely detected in the corneal epithelium and stroma, and weakly in the endothelium (Fig. 3a, b) . Stromal keratocytes were clearly immunostained by anti-CS (Fig. 3b) . In the limbus, immunoreactivity for CS was also demonstrated in the Timbal conjunctiva, particularly in the epithelium (Fig. 3c) . 
CD44
In the case of immunostaining for CD44, the immunoreactivity was detected in corneal tissue only when unfixed cryosections were applied to the immunostaining. Immuno-deposits for CD44 were clearly demonstrated in the epithelium, endothelium and stromal keratocytes (Fig. 4a-c) . In the epithelium, basal parts of epithelial cells were strongly labeled by the immuno-deposits (Fig. 4b) , while in the endothelium, the apical surface was labeled by them (Fig. 4c) . The immuno-deposits were also seen in the cytoplasm of epithelial cells.
DISCUSSION
The present study demonstrated histochemcal and immunohistochemical localizations of HA, CS, and CD44 in rabbit cornea, using biotinylated HABR and monoclonal antibodies against CS and CD44.
By histochemistry using biotinylated HABR and binding assay for HA, MADSEN et al. (1989) demonstrated that HA forms a continuous layer on the endothelium of intact rabbit cornea, since the aqueous humor contains HA and the corneal endothelium has specific binding sites for HA. This is compatible with our present results where the apical surface of the endothelium was densely labeled by reaction products indicating HA and CD44. These suggest that HA binds the apical surface membrane of the endothelial cells, which is provided with CD44, the cell surface receptor for HA.
The present histochemistry showed that HA is also localized in the corneal epithelium and stroma. The stainability of HA in corneal tissue strongly differed depending on the fixatives used. At the light microscopic level, the stainability was weak in the corneal tissue fixed with paraformaldehyde, paraformaldehydeglutaraldehyde, or acetic acid-ethanol, whereas it appeared intensely in unfixed tissue. In particular, the positive reaction for HA was distinctly seen in the epithelial layer. LUTJEN-DRECOLL et al. (1990) , however, have demonstrated that no positive reaction is seen in rabbit corneal tissue, except for the apical surface of the endothelium. By pretreatment with HAase in the present study, the HA-positive reaction was eliminated in corneal tissue, indicating that the LUTJEN-DRECOLL et al. (1990) and ours may be attributable to that in methods used.
By electron microscopy using pre-and post-embedding methods, HA was demonstrated as localizing in the intercellular space of the epithelium, but was not seen inside epithelial cells. By a post-embedding method followed by dehydration with glycomethacrylate, gold particles indicating HA apparently labeled vacuolar structures of stromal keratocytes and the stromal extracellular matrix. The positive reaction for HA was confirmed to be specific, since it was completely eradicated by the enzymatic pretreatment. In cartilage tissue, HA has been shown to be present as macromolecules by binding with core proteins of proteoglycans (HARDINGHAM and MUIR,1972) , so that HA is easily demonstrated even when fixed cryosections are used (ASARI et al., 1992) . As stated above, however, the demonstration of HA in the corneal tissue was not as easy as in cartilage tissue. The possible explanation for this is that HA in the corneal tissue is not present as macromolecular aggregates formed with proteoglycans, but as a free form.
The synthesis and secretion of HA vary drastically between cell lines of different origins (PREHM, 1983) ; it has been suggested that there exists the possibility of two pathways of synthesis and secretion of HA: one similar to chondroitin sulfate side chains of proteoglycans made by chondrocytes: either via the Golgi apparatus, or by an unknown alternative route which may or may not involve the Golgi (MITCHELL and HARDINGHAM, 1982; GOLDBERG and TOOLE, 1983) . In the present study, intracellular localization of HA could not be detected in corneal epithelial cells, whereas HA was localized in vacuolar structures of stromal keratocytes.
The localization of HA in vacuolar structures of keratocytes may suggest its synthesis and secretory pathway involving the Golgi complexes. According to PREHM (1984) , HA chain elongation at the reducing end occurs in plasma membranes by the alternate addition of the chains to the substrates. Moreover, HA synthetase activity in oligodendroglioma cells has been shown to be co-fractionated with a plasma membrane marker (PHILIPSON and SCHWARTZ, 1984) . These events may explain the fact that HA was not detected in corneal epithelial cells.
According to CINTRON and CONVINGTON (1990) , the two major types of glycosaminoglycans in rabbit corneal stroma are keratan sulfate and dermatan sulfate. The present study found that CS immunoreactivity is intensely detected in the epithelium and stroma, and weakly in the endothelium. It has been shown that the arrangement of protoglycans is consistent from late fetal to postnatal stages; low-sulfated keratan sulfate proteoglycans are found throughout the rabbit corneal stroma, and their highly sulfated type is restricted to the subepithelial stroma. Dermatan sulfate proteoglycans, on the other hand, are distributed throughout the stroma (CINTRON and CONVINGTON, 1990) . Moreover, dermatan sulfate proteoglycans have been shown to contain CS in rabbit corneal tissues (GREGORY et al., 1982) . It seems likely that CS present in the corneal tissue correlates with the functional characteristics of the cornea, as HAS-SELL et al. (1983) have biochemically indicated that cornea stromal CS proteoglycans and keratan sulfate proteoglycans may play fundamental roles in regulating corneal collagen fibril spacing, that is, corneal transparency.
HA and CS have been shown to localize in skin (TAMMI et al., 1988; SORRELL et al., 1990) . In the present study, they were also seen in the limbal epithelium. It may be reasonable for these glycosaminoglycans to be localized in the corneal epithelium, considering that the corneal epithelium is continuous to the epidermis.
The present immunohistochemistry demonstrated that CD44 is localized in epithelial, endothelial and stromal cells. In particular, it appeared in basal parts of epithelial cells, while it was detected in the apical surface of the endothelium. Considering that corneal tissue is maintained by the aqueous humor, it seems likely that the localization of CD44, the cell surface receptor for HA, is closely associated with the humor containing HA, particularly in the endothelium. As stated in the Results, however, epithelial and stromal cells produce HA. HA has been shown to be present in the basal regions of the epidermis (TAMMI et al., 1988) , although the HA receptor is found in the epidermis (UNDERHILL, 1989) . It remains unknown why the expression of the HA receptor and the production of HA should occur in the same cells.
